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second, can subsequently be heat treated to 
increase their strength further, whilst retaining 
a porous structure. Paste-forming techniques 
are used to convert a paste of the polymer 
5 into a shaped article which is then expanded, 
after removal of lubricant used in the shaping, 
by stretching in one or more directions. After 
the stretching, the polymer is preferably 
heated to at least 327°C under tension, after 
10 which it is cooled the porosity produced by 
the expansion is subsequently retained in sub- 
sequent steps for there, is usually little or no 
coalescence or shrinkage upon releasing the 
cooled product. 
15 Paste-forming methods of forming articles 
from dispersion polymerized polytetrafluoro- 
ethylene are well known commercially and 
such methods can be used to produce ar- 
ticles for treatment in accordance with the in- 
20 vention. Extrusions of various cross-sectional 
shapes such as tubes, rods and tapes have 
been produced from a variety of resins or 
polymers derived from tetrafluoroethylene. 
Other paste-forming operations such as calen- 
25 dering and molding are also practiced com- 
mercially. The steps in paste-fonning in- 
clude mi-ing the resin or polymer with a 
lubricant, such as an odourless mineral spirit, 
and carrying out forming steps in which the 
30 polymer resin is subjected to shear, thus 
making the shaped articles cohesive. The lub- 
ricant is removed from the extruded shape, 
usually by drying. Hitherto, such unsintered 
products are heated above the melting point 
35 of the polymer, generally about 327°C, 
causing it to sinter or coalesce into an es- 
sentially impermeable structure. The unsin- 
tered product is used in processes in accord- 
ance with the present invention. 
40 Paste-formed, dried, unsintered shapes 
produced by such hitherto proposed processes 
are then expanded by stretching in one or 
more directions under certain conditions so 
that they become substantially more porous 
45 and stronger. Expansion with an increase in 
strength occurs with certain preferred tetra- 
fluoroethylene resins within preferred ranges 
of rate of stretching and preferred ranges of 
temperature. The preferred temperature range 
50 is from 35 °C to 327°C At the lower temper- 
atures within this range it has been found 
that there is a maximum rate of expansion 
beyond which fracture occurs, as well as a 
lower limit beneath which fracture also occurs 
55 or where weak materials are obtained. The 
lower limit is of much more practical sig- 
nificance. At high temperatures within this 
range, only a lower limit of rate has been 
detected. The lower limit of expansion rate 
60 depends on temperature in a roughly logar- 
ithmic fashion, being much higher at higher 
temperatures. Most, but not all, of the pre- 
ferred materials in accordance with the in- 
vention are obtained when expansion is car- 
65 ried out at the higher temperatures within 



the range of 35°C to 327°C The balance 
of orientation in the extruded products also 
afTects the relationship between the preferred 
range of rates of expansion and temperature. 

It has been found that some polymers can 70 
be more readily expanded than others, since, 
they can be processed over wider ranges of 
rates of expansion and temperatures, and 
still produce useful products. The polymers 
to be expanded should generally be of high 75 
crystallinity, preferably in the range of 98% 
or above, and correspondingly of low amor- 
phous content. It has been found that tech- 
niques for increasing the crystallinity of the 
polymers, such as annealing at high temper- 80 
atures just below the melt point of the poly- 
mers, generally serve to improve the per- 
formance of the polymer in the expansion 
process. Copolymers of tetrafluoroethylene, 
which generally have defects in crystal struc- 85 
ture that increase the amorphous content, 
usually do not work as well as homopolymers. 
However, it has been found, for example, 
that copolymers containing units derived from 
less than 0.2 wt% of hexafluoropropylene can 90 
be made to work if high rates of expansion 
are used at temperatures just below the melt 
point of the polymer. 

The precise form of the porous micro- 
structure of the expanded polymers generally 95 
depends upon the temperature and the rate 
at which the polymer is expanded. However, 
the microstrucmre of materials in accordance 
with the invention consists of nodes inter- 
connected by fibrils. In the case of uniaxial 100 
expansion the nodes are elongate, the longer 
axis of a node being substantially perpendic- 
ular to the direction of expansion. The fibrils 
which interconnect the nodes are substan- 
tially parallel to the direction of expansion. 105 
The fibrils appear to have characteristic max- 
imum and minimum cross-sectional di- 
mensions, the maximum width usually being 
about 0.1 micron (1000 Angstroms), which 
is about the diameter of the crystalline par- 110 
tides, and the minimum width usually being 
one or two molecular diameters (i.e. in the 
range of 5 or 10 Angstroms). The nodes may 
vary in size, for example, from about 400 
microns to less than one micron, depending 115 
on the conditions used in the expansion. 
The term "microstructure" is used herein to 
refer to such structures which are of a size 
such that they cannot be resolved with the 
naked eye. Materials produced by expansion 120 
at high temperatures and high rates generally 
have a more homogeneous structure than those 
produced at lower temperatures and rates, 
i.e. they have smaller, more closely spaced 
nodes and these nodes are interconnected with 125 
a greater number of fibrils. Such materials 
have been found to have much greater 
strength. 

It should be noted that during the expan- 
sion large increases in strength are introduced 130 
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into the polymer, both porosity and strength 
increasing, so that a more than ten-fold in- 
crease in strength can be obtained. British 
Patent Specification No. 1,279,364, describes 
a process for expanding unsintered polytetra- 
fluoroethylene sheets, rods and other shapes 
to give low density, low strength products. 
However, by performing the stretching at a 
rate exceeding 10% per second, a surprising 
increase in strength can be obtained. Al- 
though most materials fracture when sub- 
jected to a high rate of strain, highly crystal- 
line polytetrafluoroethylene can withstand this 
treatment without breaking. 

When polymers which have been expanded 
in accordance with the invention are heated 
to above the lowest crystalline melting point 
of the polymer, for example of polytetra- 
fluoroethylene, disorder begins to occur in 
the geometric arrangement of the polymer 
crystallites, and the oystallinity decreases with 
a concomitant increase in the amorphous con- 
tent of the polymer, typically to 10% or more. 
These resulting amorphous regions within the 
crystalline structure appear greatly to inhibit 
sup along the crystal axes of the crys- 
tallites and they appear to lock fibrils and 
crystallites so that they resist slip under stress. 
This effect is referred to herein as "amor- 
phous locking". Therefore, the heat treatment 
may be considered to be an amorphous lock- 
ing process. One important aspect of amor- 
phous locking is that the amorphous content 
of the polymer increases, regardless of the 
crystallinity of the starting polymer. What- 
ever the explanation, heat treament above 
327°C after expansion can provide a sur- 
prising inrrease in strength, often doubling 
that of the unheat-treated but expanded 
material. 

Because the upper end of the melting range 
of polytetrafluoroethylene is about 345°C, the 
heat treatment after expansion appears to be 
more effective above this temperature, al- 
though lower temperatures can be used if the 
exposure time is long enough. The heat treat- 
ment temperature is preferably in the range 
of 350°C to 370°Q and the heating may, 
for example, range from 5 seconds to one 
hour. The microstructure of the expanded 
product generally remains substantially un- 
changed as a result of the amorphous locking 
step. However, if the amorphous locking is 
carried out at too high a temperature for too 
long a time, the microstructure may become 
coarse with the nodes increasing in size and 
the fibrils rupturing. If this occurs, there is 
a noticeable deterioration in strength of the 
material. However optimum times and tem- 
peratures for a given polymer being processed 
c?n readily be determined Temperatures 
above about 390°C may cause disintegration 
of structure, and loss of strength, in less than 
one minute. In heat treating films it is essen- 
tial that they be held so that they cannot 



contract during the amorphous locking pro- 
cess. It is surprising that the expanded poly- 
mers do not coalesce during the heat treat- 
ment to form high density products. Unex- 
panded films, having a density of about 1.5 
gm/cm 3 when so heated have been found 
to coalesce to form essentially void-free mat- 
erials having a room temperature density of 
about 2.15 gm/cm 3 . Very lirtle increase in 
density usually occurs when expanded poly- 
mers having a density of less than 1.00 
gm/cm 3 are heated above 327°C 

The increase in strength of the polymer 
matrix is dependent upon the strength of 
the extruded material before expansion, the 
degree of crystallinity of the polymer, the 
rate and temperature at which the expansion 
is performed, and the amorphous locking. 
When all these factors are employed to maxi- 
mise the strength of the material, tensile 
strengths of 10,000 psi and above, with a 
porosity of 90% or more, can be obtained. 
In these cases the polymer matrix can have 
strengths in excess of 100,000 psi In contrast, 
the maximum tensile strength of conventional 
extruded or molded polytetrafluoroethylene 
after sintering is generally considered to be 
about 3,000 psi, and for conventional ex- 
truded and calendered polytetrafluoro- 
ethylene tape which has been sintered the 
maximum is about 5,100 psi. 

As indicated above, some of the pro- 
perties of materials in accordance with the 
invention are substantially different from those 
of conventional extruded or molded terra- 
fluoroethylene-derived polymers. As a result 
of these differences, the expanded, amor- 
phously locked materials can be used where 
extruded or molded materials cannot be used. 

The materials generally have permeabilities 
to gases, and in some cases to liquids, which 
are much higher than those of conventional 
molded or extruded polytetrafluoroethylene. 
The permeability to nitrogen of conventional 
polytetrafluoroethylene film has been reported 
in the Journal of Teflon, [Jan.— Feb. 1970 
(du Pont) at page 10] to be about 1 x 10~ 10 
metric units (Teflon is a registered Trade 
Mark). 

In comparison films of a material in ac- 
cordance with the invention have been found 
to have permeabilities to nitrogen of generally 
from 1 x 10~ 8 to 1 x 10~ l metric units. These 
higher permeabilities are consistent with the 
lower densities and high porosities of the 
expanded, amorphous-locked films, compared 
with hitherto proposed films. Furthermore, by 
controlling the degree of expansion and the 
conditions used for amorphous-locking it is 
possible to produce tetrafluoroethylene-derived 
polymeric materials having permeability with- 
in the range listed above. Permeability dif- 
ferences are due primarily to differences in 
pore sizes within the materials. 

Permeabilities to liquids are also generally 
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higher than those of hitherto proposed tetra- 
fluoroethylene-derived porous materials. 

As a result of the ability of materials in 
accordance with the invention to transmit fluids 
5 they can be used as filter membranes to sep- 
arate solid materials from gases and from 
liquids. For optimum filtration rates, relatively 
low-permeability, small pore-size membranes 
are preferably used to filter out small solid 
10 particles, with high-permeability, large pore- 
size membranes being used to filter out large 
solid particles. 

Also, expanded, amorphous-locked mat- 
ena } s "i accordance with the invention can be 
15 used as semi-permeable membranes for sep- 
arating wetting fluids from non-wetting fluids. 
For example, a gas-saturated membrane in 
contact with water and a gas will transmit 
the gas, the wetting phase, as described above 
20 It will not transmit the water, the non-wetting 
pnase, as long as the pressure in the water 
phase does not exceed the water entry pres- 
sure for that particular combination of mem- 
brane and fluids. 
25 One factor which influences entry pressure 
of a non-wetting fluid into a porous material 
is the size of the pores. Since the size of 
the pores of expanded, amorphous-locked 
materials produced in accordance with the in- 
30 vendon can be and is controlled by the 
conditions used in the expanding and the 
amorphous-locking operations, these materials 
can be used as semi-permeable membranes 
under a wide variety of conditions. The use- 
35 fulness of materials in accordance with the 
in 75"!2? 35 filter membranes for separating 
solids from fluids, or as semi-permeable mem- 
branes for separating immiscible fluids from 
each other, can be enhanced by the fol- 
, 40 lowing, well-known, and highly desirable pro- 
perty of polymers of tetrafluoroethylene 

(1) outstanding chemical inertness, and 

(2) resistance to undesirable physical 
45 changes over a wide temperature range. 

Expanded, amorphous-locked materials in 
accordance with the invention can generally 
be bonded to other materials, or to themselves^ 
more readily than can conventional polytetra- 

50 fluoroethylene materials. This is believed to 
be because bonding agents are able to pene- 
trate a significant distance into the pores of 
the expanded, amorphous-locked materials 
where they remain locked in place after hard- 

55 ening. In contrast, there is negligible pene- 
tration of bonding agents into conventional 
tetrafluoroethylene polymers, and this, 
coupled with the general non-bonding nature 
of low energy surfaces, makes bonding of 

60 the conventional materials difficult. 

Certain other properties of materials in 
accordance with the invention are better than 
the corresponding properties of conventional 
extruded or molded polvtetrafluoroethylene 

65 products, the former materials thereby being 



more useful in many applications than the 
latter. The thermal conductivity of molded 
conventional polytetrafluoroethylene is about 
1.7 Btu/hr/sq.ft/°F./in. whilst that of the 
expanded, amorphous-locked polymer in ac- 70 
cordance with the present invention gener- 
ally ranges from one-tenth to one-half that 
value. In line with this, the more highly 
expanded materials in accordance with the 
invention have proven to be useful thermal 75 
insulators. 

Similarly, expanded, amorphous-locked 
polytetrafluoroethylene in accordance with the 
invennon has shown an advantage over the 
conventional homopolymer in the previously 80 
proposed forms, as an electrical insulator in 
coaxial cables. The lower dielectric constant 
ot the former, generally about 1.2 to 1 8 
compared with 2.2 for the conventional poly- 
mer, permits smaller and lighter cables to 85 
be constructed using materials in accordance 
with the invention. Many applications in 
which weight-saving (i.e. the use of low den- 
sity materials) is an advantage can benefit 
by using the expanded, amorphous-locked 90 
polymers m preference to conventional high 
density tetrafluoroethylene polymers. 
^ The, invention will be further understood 
t>y reference to the examples given below 
and to the accompanying diagrammatic draw- 95 
ings, all of which are given for illustrative 
purposes only. In the drawings: 

Figure 1 is a plan view of a section of an 
expanded amorphously locked tetrafluoro- 
etiiylene polymer as seen under a microscope; 100 

Figure 2 is a view of apparatus for use in 
producing materials in accordance with the 
invention. 

As shown in Fig. 1, the expanded, amor- 105 
phously locked, porous material 10 comprises 
a plurality of nodes 11 orientated perpendic- 
^f" *> the direction in which expansion was 
eflected. These nodes, on the average about 
50 microns m size, are fairly irregular in 110 
shape, and they lie closely together and in 
many instances appear to touch at points. 

§ vcn n ode is connected to adjacent or 
nearby nodes by fibrils 12 which generally 
vary in length from 5 to 500 microns depend- 115 
mg upon the amount of expansion. While 
*ig. 1 shows the effect of uniaxial expansion, 
it will be appreciated that with biaxial expan- 
sion and expansion in all direc- 
tions, similar fibril formation occurs 120 
in said directions with the production 
of spider s-web-like or crosslinked configur- 
ations and an attendant increases in strength. 
I7ie porosity also increases as the voids or 
spaces between the polymeric nodes and 125 
norils become more numerous and larger in 
size. & 

The apparatus shown in Fig. 2 is herein, 
after described in Example 5. 
In the Examples, materials produced in 130 
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accordance with the invention had a micro- 
structure characterized by nodes interconnected 
by fibrils. 

EXAMPLE 1. 

Expansion of Rods. 

A cylindrical rod of 5/32 inch diameter 
was made by extruding a paste of "Teflon" 
6A polytetrafluoroethylene, in 130 cc/lb. of 
mineral spirits as an extrusion aid, at a 
reduction ratio of 370 (the resin being obtain- 
able from E. I. du Pont de Nemours & Co., 
Inc.). The volatile extrusion aid was removed 
by drying, the resultant rod having a specific 
gravity of 1.63, a tensile strength of 531 psi 
and an elongation of 183% (A.S.T.M. test 
method). The amorphous content of the 

Teflon" 6A resin and the unentered rod were 
determined using the infra-red method de- 
scribed by R. E, Moynihan, in "IR Studies 
on Polytetrafluoroethylene", J. Am. Chem. 
Soc 81 1045—1050 (1959), and found to 
°e 1.5 / 0 . 

An apparatus was devised so that samples 
of the rod could be stretched by various 
amounts at controlled rates and controlled 
temperatures. The apparatus consisted of two 
clamps for holding the rod, one clamp being 
held fixed within an oven while the other 
clamp was attached to a wire leading outside 



the oven to a rack-and-pinion pulling device 
driven by a variable speed motor. After the 
sample had been expanded by stretching at 
the given controlled temperature, the oven 
temperature was raised to 370°C for ten 
minutes while the samples were held clamped 
in their extended condition. The samples were 
thereafter cooled to ambient temperature. In 
some cases the samples broke during the ex- 
pansion step and this is noted in the tables 
below. The term "broke" refers to the fact 
that the particular sample being tested broke 
under the conditions given as an attempt was 
being made to stretch it to the final elong- 
ation given; the precise percentage of elong- 
ation at which the given sample broke is not 
given. 

As can be seen in Table 1A, all samples 
were successfully expanded to a porosity of 
about 68% under the conditions of temper- 
ature and rate of stretch shown. Table IB 
shows that samples at the lower values of 
temperature rate could not be expanded by 
stretching 550%, while the rest of the sam- 
ples were successfully expanded to a porosity 
of about 84%. Table 1C shows that only two 
samples were successfully expanded when the 
stretch was 1500%. These samples were ob- 
tained at the highest values of rate and tem- 
perature and had a porosity of about 96%. 



TABLES 1A, IB and 1C 
TABLE IA: Percent Stretch =200 



Ra ^ 0 ° / f / S c tretch Rate of Stretch Rate of Stretch Rate of Stretch 



Temperature °C 30%/Sec. 



100%/Sec. 



93 


67% porosity 


67% porosity 


67% porosity 


66% porosity 


204 


66% „ 


68% „ 


67% „ 


66% „ 


315 


66% „ 


66% „ 


67% „ 


68% „ 




TABLE IB: Percent Stretch =550 




93 


broke 


broke 


broke 


broke 


204 


broke 


84% porosity 


85% porosity 


85% porosity 


315 


broke 


84% „ 


84% „ 


83% „ 




TABLE 1C: Percent Stretch =1500 




93 


broke 


broke 


broke 


broke 


204 


broke 


broke 


broke 


broke 


315 


broke 


broke 


96% porosity 


96% porosity 
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This example illustrates that highly ex- 
panded products in accordance with this in- 
yenuon can be obtained when the expansion 
is carried out at high temperatures and high 
rates of stretch. The amorphous content of 
these porous rods was found to be 24%. 

EXAMPLE 2. 
Expansion of Rods. 
Rods 5/32 inch in diameter were manufac- 



tured under conditions similar to Example 1 
except that "Teflon" 6C r^lytetrafluoro-' 
ethylene was used, this also being obtainable 
from the du Pont company. The amorphous 
content of the "Teflon" 6C, and the unantered 
rod, were found to be 3.5%. While effective 
expansion was not obtained under the con- 
dinons of Example 1, at very much higher 
expansion rates, the desired expansion did 
occur: 
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TABLE 2: Percent Stretch =550 



25 



30 



35 



40 



45 



50 



Temperature °C 


Rate of Stretch 
5,000%/sec. 


Rate of Stretch 
10,000%/sec. 


Rate of Stretch 
40,000%/sec. 


93 


broke 


broke 


broke 


204 


broke 


broke 


68% porosity 


315 


broke 


broke 


68% porosity 



Amorphously locking the porous products 
obtained using the 40,000%/sec. rate of ex- 
pansion was then effected, and the micro- 
structure of the products conformed to such 
as is shown m Fig. 1. The amorphous content 
after heat treatment at 370°C followed bv 
cooling was 35%. y 

EXAMPLE 3. 
Expansion of Films. 

The following experiments were performed 
using a pantograph, which is a machine cap- 
able of stretching films biaxially or uniaxiaUv 
over a range of rates and temperatures. The 
^ntopph used in these experiments was 
capable of sttetehing 4" x 4" samples of film 
to 16 x 16". The 4" x 4" filmTas gripped 
on each side by 13 actuated clamps, which 
moved apart uniformly on a scissor mechanism. 
The film was heated by hot air flow from 
above and below. 

A sample of film 6 inches wide, 0.036 inch 
thick and of continuous length was produced 
by the paste extrusion process from "Teflon" 

. Polytetrafluoroethylene using 105 cc of 

e^l^f ^ p0und of ™ « an 
f^v^r** ^ rp 10 ^ the extrusion 
aid by drying the unsmtered film was found 
to have the following properties: specific 
gravity of 1.65 longitudinal tensile strength 

of ISpS!" , ™ n8Vmc tCnSile Stren ^ 

cn£w22i A f 4 " X 4 " ° f this ^ was 

conditioned for approximately 4 minutes at 



225 C in the pantograph and then stretched 
biaxially at a rate of 500%/sec in each direc- 
tion to a size of 16" x 16". The temperature 
of the film was then raised to 370°C for 5 
minutes while held damped in the extended 
condition. The film was then cooled to ambient 
temperature and the following properties were 
found: specific gravity of 0.15, longitudinal 
tensile strength of 2,500 p.s.i. (a matrix ten- 
sile strength of 36,700 p.s.i.) and transverse 
tensile strength of 2^30 p.s.i. 

Ex. 3(b); A sample was prepared in all 
ways similar to Example 3(a) except that it 
was stretched in the pantograph at the lower 
rate of 55%/sec. The resulting film was still 
cohesive but was found to have weak areas, 
and a non-uniform appearance, 

Ex. 3(c): A sample was prepared in all 
ways similar to Example 3(a) except that it 
was stretched at the even lower rate of 5%/ 
sec. The film did not expand, but ruptured 

Ex. 3(d): A sample was prepared in all 
ways similar to Example 3(a) except that the 
temperature during expansion was 50°C This 
film did not expand, but ruptured. 

Ex. 3(e): A sample of paste-extruded film 
was taken before removal of the extrusion 
aid and calendered to a thickness of 0.0043 
inch. The physical properties of the film were 
measured: specific gravity of 1.60; longitu- 
dinal tensile strength of 2,200 p.s.i., and 
transverse tensile strength of 270 p.s.i. 

Samples of this film were stretched on the 
pantograph. The results are summarized in 
Table 3. 
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TABLE 3 



Temperature °C 
225 
225 

225 
50 
50 
50 

225 
225 
225 
50 
50 
50 * 



Expansion Rate 
In Longitudinal 
Direction 

(%/sec.) 

500 
500 

0 
500 
500 
0 

5 
5 
0 
5 
5 
0 



Example 3(e) 

Expansion Rate 
In Transverse 
Direction 

(%/sec.) 

500 
0 



500 
500 
0 
500 



0 
5 
5 
0 
5 



Result 
Ruptured 



Long. Tensile =3900 psi (a matrix tensile 

strength of 12,800 p.s.i.) 
Trans. Tensile=l 150 psi 
Spec. Gravity =0.70 

Ruptured 

Ruptured 

Ruptured 

Long. Tensile=2400 psi (a matrix tensile 

strength of 7,360 p.s.i.) 
Trans. Tensile=2700 psi 
Spec Gravity=0. 75 

Ruptured 
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rwT £ mbulat ^ resuI *> « can be seen 
that the film responded differently depending 
on which axis was stretched but that at the 
lowrates nipture occurred irrespective of the 
direction of expansion. 

EXAMPLE 3(f) 
Whi^ m ',^ by Biaxid Stretching. 
rf^^T- 4 *u s™* 1 * ^ ^ of the type 
described in the second paragraph of Ex- 
ample 3 above was stretched in the pantograph 
machine. In this case, the film wa^ stretched 
simultaneously in two directions at right angles 
o each other, 10O% in each direction. Thut 
the surface area of the stretched film was 
fcur times the surface area of the original 

The film temperature was about 300°C 



20 



25 



during the stretching operation. Linear stret- 
in^ ™ teS of about 400% per second 
in each dimension were used. 
,J*?J expanded film still in tension 
(stretcher clamps still holding the stretched 
mm), hot air was circulated over the film 

An f If ^P^ture was about 
u C \ ,. five minutes. This caused amor- 
phous locking within the film. 

Finally with the stretcher clamps still 
holding the film, the film was cooled rapidly 
to room temperature by blowing cold air 30 
against it The cooled film, which was then 
removed from the clamps, was the desired 
expanded, amorphous locked film. 

Properties of the original unexpanded film 
and of the final expanded, amorphous-locked 35 
nim, are listed below. 
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TABLE 4 




Property 


Original 
Unexpanded Film 


Expanded, 
Amorphous-Locked Film 


Film Length, relative units 


1 


1.9 


rum wioin, relative units 


1 - 


2.0 


Film Thickness, mils 


36.0 


31.5 


Specific Gravity 


1.65 


0.45 


Long. Tensile Strength, psi 


300 


1900 

(a matrix tensile strength 
of 9,290 psi) 


Transverse Tensile Strength psi 


250 


1760 ' 


Permeability to air, metric units 


4xl0- 5 


6x10-* 
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30 



35 



40 



EXAMPLE 4. 
Expansion of Filled Films. 

The "Teflon" 6A polytetrafluoroethylene 
identified above, was blended with a com- 
mercially available asbestos powder in a pro- 
portion of four parts by weight resin to one 
part asbestos. The mixture was lubricated 
with 115 cc of odorless mineral spirits per 
pound of mixture and extruded into a film 
6" wide. 0.036" thick, and of continuous 
length. The film was then calendered to 
0.008" thickness and the extrusion aid re- 
moved by drying. The properties were meas- 
ured and found to be as follows: specific 
gravity of 1.44, longitudinal tensile strength of 
1,000 psi; and transverse tensile strength of 
205 psi. 

A 4" x 4" sample was mounted in the 
pantograph described above and stretched 
at a rate of 500%/sec. at a temperature of 
225 °C and to three times its original length 
in the longitudinal direction while no stretch 
was applied in the transverse direction. A 
sample of the film was tested and found to 
have the following properties: specific gravity 
of 0.82, longitudinal tensile strength of 1500 
psi, and transverse tensile strength of 145 
psi. The remainder of the sample was placed 
in clamps to restrain it from shrinking. It 
was heated to 370°C for five minutes, and then 
cooled to ambient temperature. The following 
properties were measured on this sample: 
specific gravity of 0.95, longitudinal tensile 
strength of 2,900 psi, and transverse tensile 
strength of 750 psi. 

The heat treating of the film substantially 
increased its tensile strength as can be seen 
from the above values, and it had a very 
little effect on specific gravity. 



EXAMPLE 5. 
Manufacture of Continuous Lengths of 
Porous Film. 

A machine was constructed for manufac- 
turing long lengths of expanded film. Refer- 45 
ring to Fig. 2, an unsmtered polytetrafluoro- 
ethylene film 13 from a paste extrusion pro- 
cesses fed to the machine from roll 14 onto 
heated roll 15 where the film is preheated 
to the temperature at which it is to be ex- 50 
panded. Rolls 15 and 16 are of the same 
diameter and are connected through a gear 
box so that their relative rates of rotation 
can be changed. Roll 16 can be driven faster 
than roll 15 so that the film can be stretched 55 
in the gap "A" between the rolls thereby 
making the film expand. The difference in 
speed between rolls 15 and 16 determines the 
amount of stretch and thus the amount of 
expansion. For example, when roll 16 is driven 60 
twice as fast as roll 15, the film is expanded 
approximately 100% because, unlike other 
films, the unsintered polytetrafluoroethylene 
film changes very little in thickness or width 
but its length increases by 100%. The in- 65 
crease in volume of the polymer is due to 
an increase of porosity, and a corresponding 
decrease of specific gravity. The relative posi- 
tions of rolls 15 and 16 are adjustable so 
that the gap "A" between them can be varied. 70 
This allows one to control the rate of ex- 
pansion. For example, when the gap distance 
is halved, the rate of expansion is doubled. 
It should be noted that the rate of expansion 
is also affected by the rate at which the film 75 
is fed into the machine. Roll 16 is maintained 
at the same temperature as roll 15. Expanded 
film leaves roll 16 and goes onto a hot roll 
17 (running at the same peripheral speed as 
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roll 16) where the film is heated to approxi- 
mately 370°C so that amorphous locking 
occurs. The residence time of film on this 
roll is controlled by the position of roll 18, 
which can be moved around the periphery 
of roll 17. Roll 19 is water-cooled to reduce 
the temperature of the film as it passes there- 
over and before being wound up on roll 20. 



Thus, with this machine one is able to control 
three important variables in expanding the 
tetrafluoroethylene polymer film, i.e. the tem- 
perature, the rate of expansion, and the 
amount of expansion. 

Data for three runs on this apparatus is 
given in Table 5. 
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15 



Resin: 



TABLE 5 

(a) 

"Fluon" CD-I (obtainable 
from Imperial Chemical 
Industries Ltd; Fluon is 
a registered Trade Mark) 



Properties of starting Film : 

Thickness of Film 

Density, gm/cm 3 

Longitudinal tensile, psi 

Transverse tensile, psi 

Processing Conditions : 

Tape feed rates : roll 14 to roll 15 

Temp., rolls 15 and 16 

Roll speed ratio: roll 15: roll 16 

Calculated Rate based on 3* 
stretch length 

Temp, for roll 17 

Dwell time on roll 17 

Properties of Final Film: 

Thickness 

Density, gm/cm 8 

Long. Tensile, psi 

Transverse tensile, psi 



0.0050' 
1.47 
1600 
200 

30ft./min. 
300°C. 
1:2.87 

574%/sec. 
370 °C 
3 sec. 

0.0047' 
0.66 
2850 



(b) 

Teflon" 6A 



(c) 

"Teflon" 6A preheated 
3hrs.at3000°C. prior 
to paste extrusion 



0.0050' 
1.52 
1900 
250 

30fL/min. 
300°C 
1:2.87 

574%/sec. 
370°C. 
3 sec. 

0.0048' 
0.67 
4000 



0.0050' 
1.54 
2650 
350 

30ft/min. 
300°C. 
1:2.87 

574%/sec. 
370°C. 
3 sec. 

0.0046* 
0.73 
8950 



(matrix tensile strength (matrix tensile strength (matrix tensile strength 
of 9,500 psi) of 13,000 psi) of 27,000 psi) 



850 



1050 



1300 



EXAMPLE 6. 
Expanded Films Made by Vacuum Forming. 
The starting material was an extruded, 
20 unentered "Teflon" 6A polytetrafluoro- 
ethylene film with a specific gravity of 1.50 
and a thickness of 3.9 mils produced by a 
paste-forming technique. A rectangular sec- 
tion of this film was placed in a vacuum- 
25 forming device, the temperature of which could 



be raised with an electric heater or lowered 
with a stream of cold air. The film was 
clamped in place, and the temperature of 
the assembly was raised to about 300° C. Then 
the pressure in the expansion chamber was 30 
reduced rapidly, causing the film to be 
stretched very rapidly to about three times its 
original area into the shape of a bowl. 
Without releasing the vacuum, the tern- 
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pcrature of the assembly was raised to about 
350°C where it was held for about ten min- 
utes. The assembly was then cooled as 
rapidly as possible by blowing cold air, and 
finally the vacuum was released and the ex- 



panded, amorphous-locked film was re- 
moved from the vacuum-forming device, 

Properties of the original film and the 
expanded, amorphous-locked film are listed 
below. 
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Property 


TABLE 6 

Original 
Unexpanded Film 


Expanded, 
Amorphous-Locked Film 


Film area, relative units 


1.0 


2.1 


Film Thickness, mils 


3.9 


3.7 


Specific Gravity 


1.50 


0.75 


Long. Tensile strength, psi 


1800 


4100 


Transverse tensile strength, psi 


240 


1400 



The greatly enhanced strengths and poros- 
ities that can be achieved by this invention 
are clearly shown in the above table. 

EXAMPLE 7. 
Expanded, Amorphous-Locked Film Made 

By Stretching Using a Molding Device. 

A section of extruded, unsintered polytetra- 
fluoroethylene film produced by a paste-form- 
ing technique was fastened to a female mem- 
ber of a molding device, and the assembly 
was heated to 275 °C by circulating hot air 
over it Then a bowl-shaped male member 
was rapidly forced against the film causing 



it to stretch to about three times its original 
surface area, without crushing the stretched 
film between the members of the molding 
device. 

With the film still held in place, the entire 
assembly was heated to about 340°C for 15 
minutes, after which it was cooled to ambient 
temperature. Then the clamps holding me 
film were released to give the desired ex- 
panded, amorphous-locked film. 

Properties of the original film and the 
final expanded amorphous-locked film are 
listed below: 



25 



30 



35 





TABLE 7 




Property 


Original Extruded, 
Unsintered Film 


Expanded Sintered 
Film 


Surface area, relative units 


1.0 


2.6 


Thickness, mils 


15 


12 


Specific Gravity 


1.50 


0.72 


Thermal conductivity 
Btu/hr/sq.ft/°F./in. 


1.5 


0.5 


Permeability to kerosene metric units 


1.9X10- 7 


28x10-' 



EXAMPLE 8. 
40 Expanded Tube Made By Blowing 

The starting material was extruded, un- 
sintered "Teflon" 6A polytetrafluoroethylene 
tubing, produced using a paste-forming tech- 
nique, having an outside diameter of 0.20 
45 inches and a wall thickness of 30 mils. 

A 15 inch long section of this tubing was 
plugged at one end, and the other end was 
clamped to a steel tube, which, in turn, was 
connected to a source of compressed *as. 



The tubing was placed in an air oven, and 50 
heated to about 300°C Compressed gas was 
admitted to the tubing in such a way that the 
diameter of the tube was increased in about 
two seconds from the original a 20 inches to 
about 0.60 inches. Then, with pressure main- 55 
tained in the tubing so that no collapse took 
place, the temperature of the assembly was 
raised to about 360°C and held there for 
about five minutes. While still maintaining 
pressure to prevent tubing collapse, the as- 60 




Property 

Length, relative units 

Outside diameter, inches 

Wall thickness, mils 

Specific gravity of tubing walls 

Air permeability of tubing walls, 
metric units 



Due to its high permeability, the above 
in ?y mde * ua «Pl»»l«ked tubing was use- 
SnTfluiS 1 " manbrane fOT XpaTatinS ■*»• 

EXAMPLE 9. 
txponded, Amorphous-Locked, Laminated 
15 Fflm * /r<wn two la yers of Expanded 

Using a tape expanding machine as illus- 
trated in Fig. 2 with the roll 17 at 300°C 
(a temperature below the amorphous-lodcine 
20 <T lpel ? tUrc) I saas P le of ^Pandai, "Teflon g 
20 6A pdywrafluoroethylene film was made 
The initial film was produced by a pasted 
fonmng technique. The expanded film had a 
SaTOU* a ^tudinal tensile 
25 ^?f^ 0f P 51 t«sile strength 

25 o 7,300 pa), a transverse tensile strength 
HO psi, and a thickness of 3.5 mils. 

Two samples of this film were placed at 
nght angles to each other, one on top of the 
other and damped to a rigid frame which 
30 ^ secured by all four edgeTof the resukmg 
sandwich. One film was thereby lighdf 
pushed agamst the other over the whole 



TABLE 8 

OriginalUnexpanded Expanded, 

Tubm 8 Amorphous-Locked Tubing 

1.0 



0.20 
30 
1.50 

2xl0-« 



0.8 
0.56 
24 
0.75 



of contact This assembly was then amor- 
pnously locked by heating to about 370°C for 
7 minutes Then the assembly was rapidly 
cooled with a stream of cold air, and the 
clamps were released to yield the desired one- 
piece laminated film. 

„. The , te ° si i e strength of the expanded, amor- 
phous-locked laminate was 4300^psiiD each 
direction. Its thickness was 6.4 mils. 

EXAMPLE 10. 
„f i ^/ d ' Amor P>'oui-Locked Film as a 
Me^branT ° rasa Semi-Permeable 

«TVfl 0 n» e 2T lde 7' c !f endered > unsmtered 
leflon 6A polytetrafluoroethylene film was 
made using a conventional paste-fonnmg pro- 
d «**ed above. The film^ 'ex- 
panded and amorphously locked using a 
machine as shown in Fig. 2 and a process 
in accordance with the invention. Expansion 
3W>£"lSi 0Ut " £ ^P^ture of about 
i /u u "openies of the original film and 
uSed'be^ ^hous-locked film are 



35 



40 



45 



50 



55 



TABLE 9 



Property 



Thickness, mils 



Surface area (length x width), 
relative units 

Specific Gravity 

Permeability to air, metric units 
Permeability to kerosene, metric units 



Original Unexpanded 
Unsintered Film 


Expanded 
Sintered Film 


4.0 


3.5 


1.0 


2.8 


1.46 


0.60 


I. Ox KM 


0.032 


7.0X10- 7 


2.3x10-" 
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Smoke-cootaining air was filtered through 
a sarnple of the expanded, amorphous-locked 
film. The filtered air was clean, and the fil- 
tration rate was relatively high. A similar 
5 attempt to filter smoke-containing air using 
a sample of the unexpanded, unsintered film 
described above was unsuccessful because the 
filtration rate was too low. 
in i f^if of expanded, amorphous- 

10 locked film were also used to filter solids 
from suspension of solids in various organic 
uquids. Again, good separations were obtained, 
and filtration rates were reasonably high. How- 
ever similar attempts using samples of the 
15 unexpanded, unsintered film were unsuccessful 
because of the extremely low filtration rates. 

when an effort was made to flow water 
through the expanded, amorphous-locked film 
when containing air using a 5 psi flow pres- 
20 sure, no flow occurred. However, when the 
flaw pressure exceeded 10 psi flow started, 
and thereafter the flow of water through the 
membrane was quite similar to that of organic 
liquids which wet the membrane. This mem- 
^ bT ^ e was found to be useful in separating 
sohds from dispersions of the solids in water 

i uj 5 ?? 11516 °t landed, amorphous- 
locked film was fitted into the cone of a conical 
niter runnel, and a mixture of kerosene and 
water was poured into the funneL The kero- 
sene flowed through the film at a reasonably 
rapid rate, but no water penetrated the film 
since the pressure of the water phase was 
lower than the water entry pressure into 
either die gas-saturated or the kerosene- 
samrated film. Thus, the expanded, amor- 
phously locked film was found to be an 
effective senri-permeable membrane in sep- 



12 



aratmg fluids that wet tetrafluoroethylene 
polymers from non-wetting fluids. Similar 40 
attempts to use the corresponding unexpanded, 
unsintered film as a semi-permeable membrane 
were unsucessful because of the extremely 
low flow rates involved. 



EXAMPLE 11. 45 
Expanded, Amorphously Locked Film Im- 
pregnated faith Poly{Methyl Methaerylate). 
A part of an expanded, amorphous-locked 
film produced as described in Example 10 
was painted with a freshly made solution of 50 
1% of a polymerization initiator in methyl 
methaerylate. The solution was rapidly ab- 
sorbed into the expanded, amorphously locked 
film. Any excess solution not so absorbed 
was wiped from the surface of the film. 55 

Then the impregnated film was 'warmed, 
causing the methyl methaerylate to polymerize 
within the pores of the expanded, amorphous- 
locked film, to yield a film having pores 
filled with poly(methyl methaerylate). 60 

The comparison shown below of the pro- 
perties of conventional extruded, calendered, 
unsintered polytetrafluoroethylene film with 
those of the expanded, amorphous-locked, 
film impregnated with poly(methyl methacryl- 65 
ate) shows clearly that the impregnated film 
has the greater dimensional stability without 
a significant increase in the coefficient of 
friction. These properties can enable the im- 
pregnated materials to be used as bearing 70 
materials. The impregnated materials are 
generally substantially lower in cost than 
conventional homopolymers or copolymers de- 
rived from tetrafluoroethylene. 



Property 



Deformation, 150 psi compressive 
stress at 25 °C.,% 

Coefficient of Friction against Glass 



TABLE 10A 

Conventional Unexpanded, Expanded, Amorphous- 
Unsintered Film Locked, Impregnated Film 



2.7 
0.20 



0.7 
0.21 



In further impregnation experiments, a 
piece of expanded, amorphous-locked poly- 
tetrafluoroethylene film produced as described 
in Example 10 was impregnated with the low 
80 viscosity epoxy resin, ERLA 2256 (a product 
of and obtainable from Union Carbide Cor- 
poration). A second piece of the film was 
impregnated with a solution of meta-phenyl- 
enediamine in methyl ethyl ketone. When 



the ketone had evaporated, the two pieces, 85 
the longitudinal dimension of one coinciding 
with the transverse dimension of the other, 
were placed in contact with each other, and 
the assembly was heated at about 149°C for 
about three hours. 90 

The two pieces were firmly bonded by the 
hardened epoxy resin. Properties of the lamin- 
ate were as follows: 



TABLE 10B 



Property 



Expanded, 
Amorphous-Locked Film 



10 



15 



Laminate 



Longitudinal tensile strength, psi 

Transverse tensile strength, psi 

Deformation, 100 psi compressive 
stress at 25 °C,% 

Coefficient of Friction Against Glass 



EXAMPLE 12. 
Use of Expanded, Amorphous-Locked Tape 

as a core of a coaxial cable. 

Expanded, amorphous-locked tape was 
produced following the procedure described 
in Example 10. Two such tapes were made, 
both having a specific gravity of about 0.66, 
one having a thickness of 2.5 mils, the other! 
10 mils. Alternate wraps of (1) 

tape, and (3) the thinner tape, were used to 
make up a core separating the inner con- 
ductor of the coaxial cable from an outer 
metallic braided shield. A conventional outer 
jacket of polytetrafluoroethylene covered the 



8,100 
1,500 

13 

0.14 



8,800 
8,800 

1.2 
0.14 



Sh ll ld ' ^characteristic impedance of the 
cable was 100 ohms. 

r^/S^T* coaxbd having an impedance 
of 100 ohms was produced using a conven- 
tional, unexpanded tape to construct the 
core. After sintering, the density of the poly- 
tetrafluoroethylene core was about 2 15 
gms/cc. 

Because of the lower dielectric constant 
of the expanded, amorphous-locked polytetra- 
fluoroethylene compared with the conventional 
polymer, a smaller, lighter cable could be 
obtained when the expanded, amorphous- 
locked tape was used. This is shown from the 
following table. 



TABLE 11 



B 



35 



Item 

Conductor Weight g/ft 
Polymer Insulation g/ft 
Braided MetaiShield, g/ft 
Polymer Jacket, g/ft 
Core Diameter, in. 
Outer Diameter of Cable, Inch 
Total Cable Weight g/ft 



The data listed above show that the use 
of expanded, amorphous-locked polymer in 
A « Z * e conventional polymer in 
A as the core of the cable led to a 60°/ 

StfVj?* ^ a 32% * 



T , ^ 100 Ohm Impedance Cable 
100 Ohm Impedance Cable made usingacore of 

^t^^ ° f Ex P andcd ^ Amorphously 
Conventional Polymer locked polymer 



0.064 
3.890 
2.700 
0.855 
0.110 
0.140 
7.509 



0.064 
0.464 
1.898 
0.569 
0.065 
0.095 
2.995 



EXAMPLE 13. 

Ftlms which ore very greatly Expanded and 

then Amorphous-Locked. 

Unsintered, extruded, calendered polytetra- 
fluoroethylene film was produced by a paste- 
forming technique, as described in one of the 
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Original, unsintered, calendered film 

j 1 expanded 190% without 
i amorphous locking 

lpass material (A) - 



Sample (A) amorphously 
locked at 370 °C 

> Product 1 

i S^ Pan ^ e( L 190O /o without 

* amorphous locking c , _ 

Sample (B) amorphously * 
locked at 370 °C 



2 pass material (B)- 



I again expanded 190% without 
i amorphous locking 

3 pass material (Q- 



4 pass material (D) 



Product 2 



Sample (C) amorphously 
locked at 370 °C 



Product 3 



! ^ expanded 190% without 

* amorphous locking 0 , _ 

Sample (D) amorphously 
locked at- rmo^ ' 



locked at 370 °C 
-> Product 4 



Properties of the film produced as described ahove 

TABLE 12 



are listed below: 



Film Identity 
Original film 

Product 1 

Product 2 

Product 3 

Product 4 



% 
none 
190 

190x2 
190x2 
190x4 



iion 



Thickness 
mils, 


Specific 
Gravity 


Porosity, 

% 


Bulk Long. 

Tensile 
Strength, psi 


4.0 


Tso 


35 


1,640 


3.8 


0.50 


78 


2,900 


3.8 


0.27 


88 


2,420 


3.1 


0.18 


92 


2,400 


2.8 


0.17 


93 


2,400 



EXAMPLE 14 

, ™ on " 6A polytetrafluoroethylene was St ^ £? 30 using a reduction 

heated for 3 hours at 300°C, cooIedfwendS 22? °* ab ° Ut 100 (reduct^rati^^ 

20 8° cc of refined ken^ene Sr SS JF** of extrusi ^ cylinder dividedTv 

» of polymer, and extruded into a fif 6 ££ SrfSTS^ °V 

truded film was then passed through successive 25 



Long, tensile 
Strength of 
polymeric 
matrix, psi 

2,600 

14,000 

30,000 

30,000 

34,000 



10 



15 



20 



sets of rolls, each heated to about 80°G, and 
i^-L 111 thickness from 0.030 inch to 0 002 
wen. This film was dried to remove the kero- 
sene and passed through apparatus as shown 
in Fig 2 at a rate of 100 ft/min. over roll 
15, with rolls 15 and 16 and heated to 320°C 
and adjusted with their outer peripheries as 
Sfb ^ "2, P°^ ble <Sng 
tad n irfo^ bettreen them - 11011 16 

(and 17, 18, 19) was rotated at a peripheral 
speed seven times greater than roU \15, thus 
stretching the film about sevenfold. The film 
was passed over roll 17 at 370°C and wound 
up on take-up 20. Rolls 15, 16, 17, l7S 
19were then adjusted to the same peripheral 
speed of 30 ft/mm., rolls 15, 16 and 17 

S^V* 3 l°°£ md ^hed nil 
passed through the apparatus under these 

S SZn^TK 0 aCC ° mp ? ish 30 

f£* ^ meat - T1 ^. Properties of the film 

g amb,eDt tem P«ature were as 



0.23gm/cc 
= 117,000 psi 

EXAMPLE 15 
Amorphous Content of Polymer 

A sample of film was prepared as in Ex- 
ample 14 except, that it willed to a dikk- 
S!wf a . W *"*- ™s film was th^Tex- 
panded using the same process as in Example 
^except that roll 17 was not heatedHeat 
treatments were carried out on samples of 
this film at 335°Q 350°C, and 39<£c for 
various lengths of time before cooling to am- 
V* ^^ous extent of 
the polymer was determined at each stage 
m±e process using the infra-red method de- 
*nbed by R. E . Moynihan, «IR Studte on 
Polyte^uoroediylene", J. Am. Chem 

It P 45 " 1050 The properties of 

the films were as follows: 



30 



35 



40 



45 



"Teflon" 6A powder, heat treated 

Extruded, dried .004* film 

Expanded not heat-treated 

Heated to 335°C: 

1 second 
10 seconds 
50 seconds 
480 seconds 

Heated to 350°C: 

1 second 
3 seconds 
10 seconds 
20 seconds 
50 seconds 
100 seconds 
480 seconds 

Heated to 390 °C: 

1 second 

3 seconds 
10 seconds 
20 seconds 
50 seconds 
90 seconds 



TABLE 13 

Longitudinal 
Tensile Strength/ 
Matrix Tensile 
Strength 



2,650 

4,200/14,200 



5,580/18,500 
5,630/18,400 
6,020/19,700 
7,540/24,600 



7,630/24,700 
7,670/24,900 
7,820/25,200 
7,830/24,900 
8,360/26,400 
8,610/27,100 
8,900/27,900 



7,500/23,500 
7.960/23,800 
7,830/23,400 
7,270/20,300 
6,560/16,800 
disintegrated 



% 



Density 

Amorphous (gm/cm*) 



1-5% 
1.5% 
1.5% 



2.5% 
3% 
4% 
5% 



10% 
10% 
15% 
25% 
30% 
33% 
35% 



25% 
35% 
38% 
40% 
40% 



1.5 
0.68 



0.60 
0.70 
0.70 
0.70 



0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 



0.71 
0.73 
0.73 
0.78 
0.85 



m 
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EXAMPLE 16. 

High Strength, Low Porosity Films. 

A sample of expanded but not heat-treated 
film from Example 15 was placed in a platen 
5 press, compressed at 300 psi and whilst held 
compressed, the platens were heated to 
350°C and then cooled rapidly. The longi- 
tudinal tensile strength of the resulting film 
was 24,000 psi and the density 2,10 gms/cm 3 , 

10 with about 3% porosity. Therefore, it is 
possible to produce high strength, high den- 
sity products by compressing the expanded 
material during the amorphous-locking step. 
The fibril-node structure is preserved even 

15 though the porosity is reduced to about 3%. 
With higher pressures it is possible to reduce 
the porosity further and still preserve the 
high strength of the material. 

A second sample of the expanded film from 

20 Example 15 which had been heat treated at 
350°C for 8 minutes was placed in the press 
at room temperature and compressed at 1500 
psi for several minutes. The film was clear 
and transparent. Its density was 2.05 gms/ 

25 cm 3 and longitudinal tensile strength 
was 21,000 psi. Therefore, it is feasible to 
compress the porous structure of the product 
and still preserve the high strength of the 
bulk polymer. 

30 The foregoing Examples show the desirable 
effect of expansion and amorphous-locking 
on the tensile strength and density character- 
istics of the products, and also that high 
tensile strengths can be retained when the 

35 porous structure is compressed. 

Porous materials can be produced in ac- 
cordance with die invention using polytetra- 
fluoroethylene or copolymers of rarafluoro- 
, ethylene with other monomers. Such other 

40 monomers include, for example, ethylene, 
chlorotrifluoroethylene, or fluorinated propyl- 
enes, such as hexafluoropropylene. Units de- 
rived from these monomers should generally 
be present in only small amounts since it is 

45 preferred to use the homopolymer due to its 
optimum crystalline/amorphous structure 
with regard to the materials and the process 
for producing materials in accordance with 
the invention. Thus, amounts of comonomers 

50 should usually be less than 0.2wt% and it is 
particularly preferred to use polytetrafluoro- 
ethylene. While the above Examples show 
the use of asbestos as a filler, it is to be ap- 
preciated that a wide variety of fillers can 

55 be incorporated such as carbon black, pig- 
ments of various kinds as well as inorganic 
materials such as, for example, mica, silica, 
titanium dioxide, glass or potassium tianate. 
Further, fluids may be used which include 

60 dielectric fluids or materials such as poly- 
siloxane materials described in U.S. Patent 
3,278,673. 

WHAT WE CLAIM IS: — 

1. A porous polymeric material containing 



units derived from tetrafluoroethylene, the 65 
material having a microsmicture characterized 
by nodes mterconnected by fibrils, the material 
having a matrix tensile strength (as herein 
defined) of at least 7,300 p.s.i. 

2. A porous material in accordance with 70 
claim 1, in which the polymer is poly(tetra- 
fluoroethylene), a copolymer of tetrafluoro- 
ethylene and ethylene, a copolymer of tetra- 
fluoroethylene and chlorotrifluoroethylene, or 

a copolymer of tetrafiuoroethylene and hexa- 75 
fluoropropylene. 

3. A porous material in accordance with 
either of the preceding claims, in which the 
fibrils are individual fibrils having diameters 

of from 5 to 1000 Angstroms. 80 

4. A porous material in accordance with 
any of the preceding claims, in which the 
nodes are from 0.5 to 4O0 microns long. 

5. A porous material in accordance with 

any of the preceding claims, which has not 85 
been heated to a temperature above 327°C 
and has a crystallinity greater than 95%. 

6. A porous material in accordance with 
any of claims 1 to 4, which has been heated 

to a temperature above 327°C and has 90; 
a crystallinity below about 95%. 

7. A porous material in accordance with 
claim 6, which has a matrix tensile strength 
of at least 9290 p.s.i. 

8. A porous material in accordance with 95 
claim 7, having a thermal conductivity of 
from 0.17 Btu/hr/sq.ft/ 0 F./in. to 0.85 
Btu/hr/sq.fc/°F./iri. 

9. A porous material in accordance with 
claim 7, having a dielectric constant of 1.2 100 
to 1.8. 

10. A porous material in accordance with 
claim 7, having a permeability to nitrogen 
of from about 1 x lOr* to 1 x 10~ l metric 
units, 105 

11. A porous material in accordance with 
claim 1, which has a matrix tensile, strength 
of about 12*800 p.s.i., of about 16,800 p.s,i., 
of about 201,300 p.s.i., of about 25,200 p.s±, 

of about 30,000 p.s.i,, of about 36,200 p.&i., 110 
or of about 117,000 p.s.L 

12. A porous material in accordance with 
any of the preceding claims, which includes 
a filler. 

13. A porous material in accordance with 115! 
claim 12, in which the filler is asbestos, carbon 
black, a pigment, mica, silica, titanium dioxide, 
glass, potassium titanate, or a dielectric fluid. 

14. A porous material in accordance with 
claim 13, in which the filler is a polysiloxane, 120 
15. A porous material in accordance with 

any of the preceding claims in the form of 
a film, a tube, a filament, or a rod. 

16. A porous material in accordance with 

any of the preceding claims, in which the 125 
polymer has been expanded such that its final 
length in the direction of expansion is from 
twice to fifteen times its original length. 

17. A porous material in accordance with 
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claim 16, in which the final length is about 
three times its original length. 

18. A porous material in accordance with 
claim 16, in which the final length is about 
five times its original length. 

19. A porous material in accordance with 
claim 16, in which the final length is about 
seven times its original length. 

20. A porous material in accordance with 
i any of the preceding claims, wh* t has been 
£ compressed. 

21. A porous polymeric m ial in accor- 
dance with claim 1, substantially as herein 

■ described. 

22. A porous polymeric material according 
to claim 1, substantially as herein described 
with reference to any of the examples. 

23. A process for production of a 
porous polymeric material containing units 
derived from tetrafluoroethylene, which pro- 
cess comprises forming a shaped article of the 
polymer by paste-forming extrusion technique, 
and expanding the shaped article after re- 
moval of lubricant therefrom, by stretching 
the shaped article at an elevated temperature 
and at a rate exceeding 10% per second of 
its original length. 

24. A process in accordance with claim 23, 
in which expansion is performed with the 
shaped article at a temperature of from 35° 
to less than 327°C 

25. A process in accordance with claim 
24, in which expansion is performed with the 
shaped article at a temperature of from 93° 
to less than 327°C 

26. A process in accordance with any of 
claims 23 to 25, in which the rate of expan- 
sion is about 30% per second, about 100% 
per second, -about 500% per second, about 
10W% per second, about 5000% per second, 
about 10,000% per second, or about 40000% 
per second. 

27. A process in accordance with claim 23, 
m which the shaped article before expansion 
has^an amorphous content of not more than 
3.5 / Q . 

28. A process in accordance with any of 
claims 23 to 27, in which the polymer is 
^ly(tetrafluoroediylene), a copolymer of tetra- 
fluoroethylene and ethylene, a copolymer of 
tetrafluoroethylene and cMorotrifiuoroethylene, 
or a copolymer of tetrafluoroethylene and hexa- 
fluoropropylene. 

29. A process in accordance with any of 
claims 23 to 28, in which die expansion is 
effected in only one direction. 

30. A process in accordance with any 
of claims 23 to 28, in which the expansion 
is effected biaxially. 

31. A process in accordance with any of 
claims 23 to 30, wherein the resultant porous 
article is compressed. 



32. A process in accordance with any of 
claims 23 to 31, in which the expansion is 
effected such that the final length of the ar- 
ticle in the direction of expansion is from 
twice to fifteen times its original length. 

33. A process in accordance with claim 32, 
in which the final length of the article is 
about three times its original length. 

34. A process in accordance with claim 32, 
in which the final length of the article is 
about five times its original length. 

35. A process in accordance with claim 32, 
in which the final length of the article is about 
seven times its original length. 

36. A process in accordance with any of 
claims 23 to 35, in which the expanded article 
is subsequently heated to a temperature above 
the crystalline melting temperature of the 
polymer. 

37. A process in accordance with claim 23, 
substantially as herein described. 

38. A process in accordance with claim 23, 
substantially as herein described with refer- 
ence to any of the Examples. 

39. A porous polymeric material when pro- 
duced by a process in accordance with any 
of claims 23 to 38. 

40. A coaxial cable insulated with a porous 
polymeric material in accordance with any 
of claims 1 to 22 or 39. 

41. A coaxial cable in accordance with 
claim 40, wherein the insulation is in the 
form of a tape and the polymer is polyftetra- 
fluoroethylene). 

4Z A coaxial cable substantially as herein 
described with reference to Example 12. 

43. A composite structure comprising a first 
substrate of a porous polymeric material in 
accordance with any of claims 1 to 22 or 
39, bonded to a second substrate. 

44. A composite structure in accordance 
with claim 43, in which the second substrate 
is of a porous polymeric material in accordance 
with any of claims 1 to 22 or 39. 

45. A composite structure in accordance 
with claim 44, in which the second substrate 
is bonded to the first substrate by amorphous 
locking of two abutting poly(tetrafluoro- 
ethylene) surfaces. 

46. A composite structure in accordance 
with claim 43, substantially as herein described 
with reference to Example 9. 

47. An article comprising a porous material 
in accordance with claim 7, having poly(methyl 
methacrylate) or an epoxy resin within the 
pores thereof. 

48. An article in accordance with claim 
47, in the form of a bearing. 

49. An article in accordance with claim 
47, substantially as herein described with re- 
ference to Example 11. 
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